Objectives: Although hemostatic resuscitation with a 1:1 ratio of freshfrozen plasma (FFP) to packed red blood cells (PRBC) after severe hemorrhage has been shown to improve survival, its benefit in patients with traumatic-induced coagulopathy (TIC) after Ͼ10 units of PRBC during operation has not been elucidated. We hypothesized that a survival benefit would occur when early hemostatic resuscitation was used intraoperatively after injury in patients with TIC. Methods: A 7-year retrospective study of patients with emergency department diagnosis of TIC after transfusion of Ͼ10 units of PRBC in the operating room. TIC was defined as initial emergency department international normalized ratio Ͼ 1.2, prothrombin time Ͼ 16 seconds, and partial thromboplastin time Ͼ 50 seconds. Patients were divided into FFP:PRBC ratios of 1:1, 1:2, 1:3, and 1:4. Patients with diagnosis of TIC who received transfusion of both FFP and PRBC during surgery were included. Other variables evaluated included age, gender, mechanism of injury, initial base deficit, mean operative time, trauma intensive care unit length of stay (TICU LOS) and Injury Severity Score. The primary outcome measure evaluated was the impact of the early FFP:PRBC ratio on mortality. Results: Four hundred thirty-five patients underwent emergency operations postinjury and received FFP with Ͼ10 units of PRBC in the operating room; 135 (31.0%) of these patients had TIC and 53 died (39.5% mortality). Mean operative time was 137 minutes (SD Ϯ 49). There were no differences with regard to age, gender, mechanism of injury, initial base deficit, or Injury Severity Score among all groups. A significant difference in mortality was found in patients who received Ͼ10 units of PRBC when FFP:PRBC ratio was 1:1 versus 1:4 (28.2% vs. 51.1%, p ϭ 0.03). Intermediate mortality rates were noted in patients with 1:2 and 1:3 ratios (38% and 40%, respectively). From a linear regression model, 13 days of increased TICU LOS was observed among 1:4 group compared with 1:1 group (p Ͻ 0.01). Conclusion: TIC is common after severe injury and is associated with a high mortality in patients transfused with Ͼ10 units of PRBC during surgery. Early hemostatic resuscitation during first hours after injury improves survival with shorter TICU LOS in patients with TIC.
I
n cases of severe hemorrhage, massive transfusion may be required to replace more than the entire blood volume. Early prediction of massive transfusion requirements, using clinical and laboratory parameters combined with aggressive management of hemorrhage by surgical and nonsurgical means, has significant potential to reduce early mortality. [1] [2] [3] Although the most frequently used definition of massive transfusion is 10 or more units of blood during the initial 24 hours after injury, 4 -8 this definition does not take into consideration the impact of early massive transfusion at the initial surgical intervention on mortality. From the military and civilian experience, early hemostatic resuscitation (EHR) conveys a survival benefit when used over 24 hours, 9, 10 but its benefits during the initial hours after injury have not being elucidated.
Accepted causes of coagulopathy include consumption of clotting factors from ongoing hemorrhage, environmental factors like acidosis and hypothermia leading to reduced clotting factor activity, and dilution from intravenous fluids and packed cell administration. However, patients present with trauma-induced coagulopathy (TIC) early in the postinjury phase, before fluid administration, and without signs of hypothermia. 11 For the most part, it is the magnitude of the hypoperfused state in the presence of tissue injury that influences the development of TIC (Fig. 1) . 12 Other processes such as metabolic acidosis, hypothermia, hypocalcemia, and inappropriate breakdown of formed clots by physical manipulation of the wounds contribute to bleeding dyscrasias. 9, 13, 14 TIC occurs early after trauma; thus by the time damage control surgery measures are undertaken, the severely injured patient can be already coagulopathic. Several retrospective reviews have documented an incidence as high as 25% to 30% after trauma with a fivefold increase in mortality. 15, 16 This highlights the potential benefit of EHR in this specific group of patients. We hypothesize that EHR when used early after injury confers a survival benefit to patients with TIC requiring massive transfusion in the operating room (OR).
METHODS
This is a retrospective review of patients with initial emergency department diagnosis of TIC, who required freshfrozen plasma (FFP) and Ͼ10 units of packed red blood cells (PRBC) in the OR during initial surgical intervention. TIC was defined as an initial emergency department international normalized ratio (INR) Ͼ 1.2, prothrombin time (PT) Ͼ 16 seconds, and partial thromboplastin time (PTT) Ͼ 50 seconds. Demographic and clinical data were retrieved from the trauma registry and charts. PRBC and FFP transfusion data were retrieved from the blood bank. This institutional review board-approved protocol was conducted in an urban Level I Trauma Center to which all major traumas were brought by emergency medical service from January 2001 to December 2007.
Anatomic and physiologic variables analyzed included patient age, gender, mechanism of injury, initial systolic blood pressure on presentation to the emergency department, initial coagulation values, initial hemoglobin (g/dL), initial base deficit (mmol/L), and Injury Severity Score (ISS). Operative time was defined as the time from patient arrival to the OR until the end of procedure measured in minutes. Total amount of PRBC and FFP transfused was defined as the amount given from initial presentation to the emergency department until the end of initial surgical intervention. Patients with TIC were divided into FFP:PRBC ratios of 1:1, 1:2, 1:3, and 1:4. Outcomes measured included overall mortality, mortality location among transfusion groups, and trauma intensive care unit length of stay (TICU LOS). Mortality location included OR or TICU.
Survival was defined as alive at discharge from the hospital. Patients who were younger than 18 years, who died in the emergency department, and nonsurvivable head injuries were excluded from the analysis.
Statistical Methods
Demographic characteristics, clinical parameter in the emergency department, prevalence of overall mortality, mortality in the OR, and mortality in TICU were calculated by 1:1, 1:2, 1:3, and 1:4 groups. The statistical significance of differences in the means and prevalence estimates for participants were determined using least square means and maximum likelihood ratio for continuous and categorical variables, respectively. Multivariable log binomial regression models, adjusted for age, gender, systolic blood pressure, ISS, and type of injury, were used to determine the association of overall mortality, mortality in OR, and mortality in TICU, with FFP-PRBC ratio. In secondary analyses using a linear regression model after adjusting for same variables, additional TICU LOS contributed by 1:4 ratio group were determined. All statistical analyses were performed using SAS version 9.1.3 (Cary, NC).
RESULTS
During the 7-year study period, a total of 6,533 patients with blunt and penetrating injuries underwent surgical intervention at our Level I Trauma Center, of which 435 (6.6%) underwent emergency surgery and received FFP with Ͼ10 units of PRBC in the OR. Of those, 135 (31.0%) study patients had a diagnosis of TIC. The overall mortality of the study group was 53 (39.5%). Study patients characteristics included mean age, 30 years; gender, 88.7% male; mechanism of injury, 68.7% penetrating; mean initial systolic blood pressure, 92. Table 1) .
Overall mortality was 28.3% among 1:1 group, whereas it was 38.5% in 1:2 group, 40.0% in 1:3 group, and 51.2% in 1:4 group. A statistically significant improvement in mortality was present when a FFP:PRBC ratio of 1:1 was used versus a 1:4 ratio early after injury (28.2% vs. 51.1%, p ϭ 0.03) (Fig. 2) . Further analysis of mortality by OR and TICU location were performed between 1:1 and 1:4 groups. Mortality in OR for 1:1 ratio was 8.7% versus 34.9% among 1:4 group (p Ͻ 0.01). Interestingly, mortality was similar between these two groups after arrival to TICU (Fig. 3) .
After adjustment for age, gender, systolic blood pressure, ISS, and type of injury, prevalence ratio of overall mortality were 1.53 (95% confidence interval [CI], 0.78 -2.99), 1.61 (95% CI, 0.80 -3.25), and 1.89 (95% CI, 1.09 -3.25) in 1:2, 1:3, and 1:4 groups, respectively when compared with 1:1 group (Table 2) . More importantly, patients who were given 1:3 and 1:4 ratio of FFP:PRBC were 3.76 (95% CI, 1.18 -11.9) and 4.17 (95% CI, 1.48 -11.7) times more likely to (Table 3) , but the risk of dying is not significantly different after TICU admission (Table 4) .
DISCUSSION
Our study population had a 31% incidence of TIC on arrival, with an overall mortality of 39.5%. Other studies in both the civilian and military sectors have reported similar findings. 2, 15, 17, 18 A close ratio of 1:1 FFP to PRBC when used during EHR in patients with TIC in need of massive transfusion conveyed a survival benefit with shorter TICU LOS when compared with 1:4 group. Recent evidence demon- strates that TIC may occur earlier and through different mechanisms than we previously thought. A high energy injury leads to many sites of endothelial disruption with an early production of activated factors X, II, V, and VIII. Shock slows the clearance of thrombin (IIa), increasing its binding to thrombomodulin (TM) on adjacent normal endothelial cells leading to the activated protein C and the inactivation of Va, VIIIa, and PAI-1. This phenomenon is not DIC as described in sepsis and in other conditions. It is marked by early onset, prolonged PT and PTT, and relative sparing of platelets and fibrinogen. Although there are similarities, the initiators, underlying mechanisms and management are different, and applying the generic "DIC" terminology to trauma coagulopathy is unhelpful and potentially counterproductive. 19 Brohi et al. suggest that tissue hypoperfusion, defined as initial base deficit Ͼ-6, increases TM levels. Increased TM promotes generation of thrombin, which cleaves protein C at the endothelial protein C receptor. This activated protein C inhibits coagulation cofactors V and VIII, which further reduces additional thrombin generation. Anticoagulation from activation of TM during shock is further aided by hyperfibrinolysis as the "anticoagulant thrombin", with a decreased activated protein C that is no longer available to cleave fibrinogen to form fibrin (Fig. 1) . 11, 20 We concluded that high TM and low protein C levels are associated with increased mortality in patients with TIC. 20 From these results, early management of TIC in patients who requires massive transfusion should incorporate a close ratio EHR in conjunction with abbreviated surgical intervention to improve outcomes.
EHR will help manage the coagulopathy of trauma through the early and aggressive administration of blood products to the severely injured trauma victim with minimal crystalloid infusion. From our results, early and sustained administration of FFP helped correct the state of TIC common in the bleeding patient with an improved overall survival and decreased TICU LOS.
From the development of advanced life support care in the 1960s until recently, intravenous crystalloids fluids have remained a mainstay of resuscitative therapy. 21 In 1985, the retrospective review by Hewson of 68 massively transfused patients found that coagulopathy was common after crystalloid administration and increments in PTT correlated with the volume of crystalloids given. From this study, it was concluded that FFP and PRBC be given at a ratio of 1:1. 22 For nearly two decades, this recommendation was largely ignored. Yet in 2003, although describing the effect of fluids on coagulation, Hirshberg et al. 23 concluded that to minimize the risk of developing coagulopathy, PRBC and FFP must be given in a 3:2 ratio. Recently, the current thinking on blood product replacement in severe traumatic hemorrhage has shifted toward the use of a 1:1 FFP to PRBC ratio, largely due to evidence acquired during the military's experience with the management of combat casualties. Borgman et al. compared mortality rates associated with varying ratios of FFP to PRBC in the management of trauma seen in Iraq. They found that patients receiving a "high" ratio of FFP to PRBC (1:1.4) had the lowest overall mortality rates and hemorrhage mortality rates. They concluded that high FFP to PRBC ratio is independently associated with improved survival to hospital discharge, primarily by decreasing death from hemorrhage. 9 Similar results were found by Duchesne et al. in a civilian trauma center. From a total of 2,746 patients who underwent surgical intervention; 4.9% received Ͼ10 units of PRBC. In univariate analysis, a significant difference in mortality was found in patients who received Ͼ10 units of PRBC (26% vs. 87.5%) when FFP:PRBC ratio was 1:1 versus 1:4 (p: 0.0001). Multivariate analysis in the group of patients that received Ͼ10 units of PRBC showed a FFP:PRBC ratio of 1:4 was consistent with increased risk of mortality (relative risk, 18.88; 95% CI, 6.32-56.36; p ϭ 0.001), when compared with a ratio of 1:1. 10 This study, however, did not look specifically at trauma patients with TIC or the relationship of time and transfusion ratios.
Delineation of the benefits of EHR during the early phase of resuscitation in patient with TIC is needed. Our study population consisted of 135 patients with diagnosis of TIC who underwent emergency surgery and received Ͼ10 units of PRBC in surgery over a mean time of 137 minutes. We demonstrated a statistically significant improvement in mortality when EHR was used in a FFP:PRBC ratio of 1:1 versus a 1:4 ratio early after injury (28.2% vs. 51.1%, p ϭ 0.03). Even though the sample size is small in each group, prevalence of mortality was significantly higher among 1:4 groups compared with 1:1 group. Moreover, this risk difference persisted significantly after multivariate adjusted Poisson regression model when compared with 1:1 group with the available sample size. Because we are already seeing a significant difference with the smaller sample size, this difference is more likely to persist with larger sample size, which might permit a tighter CI.
In previous years, hospital protocols included a conservative ratio of FFP to PRBC, often only transfusing FFP after PT/PTT became significantly prolonged or after a fixed number or PRBC were transfused. 9, 10, 24, 25 However, because TIC incidence can be as high as 25% to 30% after trauma with a fivefold increase in mortality, EHR with a 1:1 transfusion strategy should be an essential component of hospitals massive transfusion protocols (MTP). It has been demonstrated in several studies that EHR can be aided by the development of a hospital-wide MTP. 6, 26 A review of the MTP at Parkland Hospital in Dallas by O'Keeffe et al. 27 showed a decrease in overall blood product usage and increased cost savings after the development of the MTP. We attribute these benefits to a decreased turnaround time on blood products as well as a protocol which limits user variability in resuscitation practices. By using fewer overall blood products, trauma centers also decrease complications related to transfusion-related lung injury and patient exposure to blood-borne infectious diseases. 28, 29 At our institution, the MTP is activated by the trauma surgeon in the trauma bay with immediate availability of 6 units PRBC and 6 FFP. We think our outcomes in patients with severe hemorrhage have significantly improved because of the incorporation of a 1:1 ratio of FFP to PRBC as part of our MTP.
CONCLUSION
Our study examines patients with signs of hypoperfusion presenting with TIC who require greater than 10 units PRBC and FFP in the OR. Recent literature demonstrates that TIC is present early in the hemorrhagic process and is independent of the "death triad" of hemodilution, acidosis, and hypothermia. A survival benefit and shorter TICU LOS were obtained in the group of patients who were resuscitated with a PRBC:FFP ratio of 1:1 compared with 1:4. Prompt recognition and correction of TIC through EHR improves survival.
